. 1990. Development of mutants of Gliocladium virens tolerant to benomyl. Can. J. Microbiol. 36: 484-489. Aqueous suspensions of conidia of Gliocladium virens strains GI-3 and GI-21 were exposed to both ultraviolet radiation and ethyl methanesulfonate. Two mutants of GI-3 and three of GI-21 were selected for tolerance to benomyl at 10 pg .mL-', as indicated by growth and conidial germination on benomyl-amended potato dextrose agar. The mutants differed considerably from their respective wild-type strains in appearance, growth habit, sporulation, carbon-source utilization, and enzyme activity profiles. Of 10 carbon sources tested, cellobiose, xylose, and xylan were the best for growth, galactose and glucose were intermediate, and arabinose, ribose, and rhamnose were poor sources of carbon. The wild-type strains and the mutants did not utilize cellulose as the sole carbon source for growth. Two benomyl-tolerant mutants of GI-3 produced less cellulase (p-1,4-glucosidase, carboxymethylcellulase, filter-paper cellulase) than GI-3. In contrast, mutants of GI-21 produced more cellulase than the wild-type strain. Only GI-3 provided control of blight on snapbean caused by Sclerotium rolfsii. Wild-type strain GI-21 and all mutants from both strains were ineffective biocontrol agents.
Introduction
Mutant biotypes of Trichoderma harzianum Rifai and Trichoderma viride Pers. ex Gray that tolerated high concentrations of fungicides of the methyl benzimidazole carbamate (MBC) group, such as benomyl, were isolated previously (Papavizas and Lewis 1983; . The biotypes, induced by ultraviolet (UV) irradiation, differed from their respective wild-type strains in growth characteristics, sporulation, survival in soil, and suppression of several soilborne plant diseases such as Fusarium oxysporum f. sp. chrysanthemi Litt . , Armst., & Armst. of chrysanthemum (Locke et al. 1985) . Ahmad and Baker ( 1 9 8 7~) also obtained benomyl-tolerant mutants by exposing conidia of T. harzianum to N-methyl-N-nitro-Nnitrosoguanidine. Troutman and Matejka (J. L. Troutman and J. C. Matejka. 1978. Phytopathol. News, 12: 131 (Abstr.) ) induced tolerance to benomyl in T . viride by gamma irradiation but did not report on the biological control capabilities of their benomyl-tolerant biotypes. Mutagenesis to increase enzyme ar en ti on of a trademark or proprietary product does not constitute a guarantee or warranty by the U.S. Department of Agriculture, Agricultural Research Service, and does not imply approval over other products that also may be suitable.
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production has been successful with strains of Trichoderma used in industrial microbiological processes (Mandels et al. 197 1 ; B. S. Montenecourt and D. E. Eveleigh. 1979. TAPPI Annu. Meet. Proc. pp. 101-108) . Gliocladium virens Miller, Giddens & Foster is a promising biocontrol agent of several plant diseases (Lewis and Papavizas 1987; Papavizas 1985; Papavizas and Lewis 1989) . Fungicide tolerance in G. virens would be useful for the integrated use of chemical and biological control. In particular, tolerance to benomyl would be useful because of the wide use of this fungicide and of other fungicides in the MBC group. With the exception of the research by Howell (1982) in which mutants of G. virens were produced that differed from wild-type strains in their ability to produce the antibiotic gliovirin, no research has been done to produce mutants of Gliocladium spp. tolerant to MBC fungicides (e . g . , benomyl, carbendazim, thiabendazole) .
It is opportune to develop biotypes of G. virens tolerant to MBC fungicides, an important group of fungicides used in agricultural production. Early attempts to produce such mutants in this laboratory by UV irradiation failed (G. C. Papavizas, unpublished results) . The objectives of this study were to induce new biotypes of G. virens by a combination of techniques, to isolate biotypes tolerant to benomyl, and to test them for their physiological and biocontrol characteristics. 
GENEALOGY OF BENOMYL-RESISTANT MUTANTS OF GLIOCLADIUM VIRENS

Materials and methods
Strains GI-3 and GI-21 of G. virens, isolated by the senior author from sclerotia of Sclerotium roljsii Sacc. buried in soil, were used. These strains were selected because they had considerable potential as biocontrol agents of Pythium ultimum Trow and Rhizoctonia solani Kiihn (Lumsden and Locke 1989) and S. rolfsii (Papavizas and Lewis 1989) . Conidia were produced by growing the two wild-type strains on Difco potato dextrose agar (PDA) for 6 days under continuous fluorescent light (-700 p E . mp2. s-I). Conidia were removed from the agar surface by pipetting 5 mL of sterile distilled water onto the surface and gently rubbing the surface with a sterile cotton-tipped applicator. Conidia were counted in a hemacytometer, and the suspensions were adjusted with distilled water to provide the desired concentration of conidia in each test.
Induction and isolation of benomyl mutants
Aqueous suspensions of conidia were centrifuged twice at high speed and washed in 0.067 M phosphate buffer (pH 7.0). After the second washing, the pellets were resuspended in 4.0 mL phosphate buffer and spore concentrations were adjusted with sterile distilled water to 4 X 10' conidia . mL-'. One millilitre of conidial suspension was added to a sterile 200-mL Erlenmeyer flask, and 41.8 pL of 0.2 M ethyl methanesulfonate (EMS) in 1.0 mL of 0.067 M phosphate buffer was added to the spore suspension for a final conidial concentration of 2 X 107.mL-'. The mixture was incubated at 25OC in a water-bath shaker (150 rpm). After 1 h of incubation, 2.0 mL of 0.3 M Na2S203 was added to the conidial-EMS mixtures to denature the mutagen. The flask contents were adjusted with sterile distilled water to 1 x 10' conidia . mL-' .
The procedure used for obtaining mutants is indicated in Scheme 1. One-millilitre aliquots of EMS-treated conidia of GI-3 and GI-21 were placed on 50 plates each containing 20 mL PDA + 5.0 mg benomyl (active ingredient, a.i.). L-' and exposed to UV radiation for 20 min.
An exposure of 20 min was selected because preliminarily constructed dose-survival curves showed that 1.0% conidia survived after exposure to UV radiation for 20 min following EMS exposure. Irradiation was provided by two adjacent (7 cm apart) G-E germicidal lamps (G3676, General Electric Co., Nela Park, Cleveland, OH 441 12). The plates, with the lids removed, were placed so that the distance from the agar surface to the lamps was 25 cm. The irradiated plates were covered and incubated for 6 days at 25 ? 2°C under fluorescent light. The few pinhead colonies that developed, designated as intermediate biotypes, were isolated and grown on PDA to produce conidia. The conidia from these slightly benomyl tolerant biotypes were again exposed to EMS and UV radiation as before. The plates from the second irradiation were covered and incubated for 7 days at 25 ? 2°C under fluorescent light.
Tolerance of the mutants to benomyl
In vitro fungistatic activity of 1-(butylcarbamoy1)-2-benzimidazole carbamate (benomyl, 50% wettable powder, E.I. duPont de Nemours &Company, Wilmington, DE 19898) was studied on PDA (20 mL per 9 cm diameter petri plate). Benomyl was suspended in sterile distilled water and added at 5 and 10 pg . mI-' (a.i.) to the medium after it was autoclaved. Agar disks (5 mm diameter) of 6-day-old colonies of GI-3, GI-21, and the biotypes grown on benomyl-free PDA were transferred to the center of petri plates. Colony radii were measured at 3 and 7 days in three replications.
We also studied comparative toxicity of benomyl (used at 0 , s .O, and 10.0 mg a.i. . (L PDA)-' on spore germination of the wild-type strains and mutants. Aliquots (1 mL) of conidial suspensions (lo4 conidia. mL-') were pipetted on the surface of PDA containing the fungicide and the plates were incubated at 25 + 2°C under fluorescent light.
After 16, 24, and 36 h, selected areas in the plates were stained with lactofuchsin, and germinated and ungerminated spores were counted. The germinability readings were based on 100 conidia per replication, four replications per treatment. The data were expressed as percent inhibition of
Utilization of carbon sources
Czapek-Dox broth without sucrose was used as the basal medium. The basal medium was adjusted to pH 6.2 with 1.0 M HCI and autoclaved. The carbon (C) sources in water were autoclaved separately and added to the basal medium at 20.0 g .L-'. The following C sources were studied: six monosaccharides (D-arabinose, D-galactose, D-glucose, L-rharnnose, D-ribose, D-xylose), two disaccharides (cellobiose, sucrose), and two polysaccharides (cellulose, xylan). Three kinds of cellulose were used: Sigma type 20 and Sigmacell (Sigma Chemical Co., St. Louis, MO 63 178, U .S .A,) and powdered cellulose (W. R. Balston, U.K.).
After adding single C sources to the sterile basal medium, the media were dispensed into sterile 250-mL Erlenmeyer flasks (40 &flask), inoculated with uniform disks cut from petri plate colonies growing on Czapek-Dox agar (without sugar), and placed on a reciprocal shaker at 25 ? 2°C. Noninoculated media were used as controls. Mycelial weights were obtained by filtering the medium through tared Whatman No. 1 filter paper, washing with distilled water, drying the mycelium to constant weight, and weighing to the nearest 1 mg.
Enzyme assays
Sternberg's cellulose induction medium (D. Sternberg. 1976. Biotechnol. Bioeng. Symp. 6. pp. 35-53) was modified by adding 1.0 g peptone and 10.0 g cellulose (Whatman CF 11, W. R. Balston, U.K.) per litre. One hundred millilitres of this medium was dispensed into 250-mL Erlenmeyer flasks, sterilized, inoculated with 1.0 mL conidial suspension from each wild-type strain and mutant (4 X lo5 conidia-mL-I), and incubated on a shaker (150 rpm) at 26OC for 6 days. The cultures were filtered through Whatman No. 1 filter paper and again through 0.45-pm Millipore filters. The mycelia were discarded and the culture filtrates used in enzyme assays.
Activity of P-1,4-glucosidase (EC 3.2.1.21) was determined in the filtrates as described by Sandhu et al. (1989) using 1 m M pnitrophenyl-P-D-glucopyranoside in sodium acetate buffer, pH 5 .O, as substrate. Liberated p-nitrophenol due to P-1 ,4-glucosidase activity was detected spectrophotometrically at 420 nm. One unit of P-1,4-glucosidase was defined as the amount of the enzyme needed to liberate 1 ~m o l p-nitrophenol per minute under the conditions of the assay. Carboxymethylcellulase (CMCase, EC 3.2.1.4) and filter-paper cellulase (FP cellulase) were measured as described by Mandels et al. (M. Mandels, R. E. Andreotti, and C. D. Roche. 1976. Biotechnol. Bioeng. Symp. 6. pp. 21-23) . The substrates used were 2% carboxymethylcellulose (CMC 7L2, degree of substitution = 0.7, Hercules Inc., Wilmington, DE 19899) and Whatman No. 1 filter paper strips (1.0 X 6.0 cm) for CMCase and FP cellulase, respectively, in 0.1 M sodium acetate buffer, pH 5.0, instead of sodium citrate buffer. Reducing sugars released as a result of CMCase or FP cellulase activity were analyzed by the method of Nelson (1944) . One unit of CMCase and FP cellulase was defined as the amount of enzyme that liberated 1 pmol glucose reducing equivalents per minute under the conditions of the assays.
For P-1,4-xylosidase and xylanase assays, wild-type and mutant strains were grown for 6 days in Czapek-Dox medium without sucrose containing 2% xylan as the C source. Xylan used in the medium and in the enzyme reaction mixture was washed with a solution containing ethanol -distilled water -glacial acetic acid (70:25:5) before use. Culture filtrates were prepared as for the cellulase assays and subsequently clarified by centrifugation at 8000 rpm for 10 min. Reaction mixtures for P-1,4-xylosidase contained 200 mL clarified culture filtrate, 200 p L 1 mM p-nitrophenyl-P-xylopyranoside in 50 mM sodium acetate, pH 5.0, and 44 p L of 500 mM Tris buffer, pH 8.5. Reactions were carried out at 37OC. Releasedp-nitrophenol due to p-1,4-xylosidase activity was detected as for P-1,4-glucosidase. One unit of p-1,4-xylosidase was defined as the amount of enzyme needed to liberate 1 pmol p-nitrophenol per minute.
Reaction mixtures for xylanase contained 100 pL clarified culture filtrate and 300 p L 0.2% xylan in 100 rnM sodium acetate, pH 5.6. Reactions were carried out at 37OC. Reducing sugars released as aresult of xylanase activity were analyzed by the method of Nelson (1944) . One unit of xylanase activity was defined as the amount of enzyme that liberated I pmol xylose reducing equivalent per minute under the conditions of the assay.
Disease suppression
Sclerotia of Sclerotium rolfsii, strain Sr-l , were produced and used to infest soil as described by Papavizas and Lewis (1989) . Fungal biomass of GI-3, G1-21, and the mutants was produced in 16-L fermenters (Papavizas et al. 1984) . The biomass was air dried at room temperature for-24 h and ground in a Wiley mill to pass through a 425 pm mesh screen. Colonv-formine units in the drv biomass were determined by the dilution-plate-method & TME mediuh (Trichoderma medium E) (Papavizas and Lumsden 1982) .
~ermenter biomass was added to S. rolfsii infested soil as a dust. Dusts were prepared by mixing the biomass with Pyraxm (pyrophyllite, hydrous aluminum silicate, pH 7.0, R. T. Vanderbilt Co., Norwalk, CT 06855), which does not provide any known nutrients. The amount of biomass was adjusted with Pyraxm so that when added to soil at 5 mg . (g soil)-', it provided 6 X lo3 colony-forming units . (g soil)-'. Portions (4.5 kg) of soil infested with sclerotia (35 mg .kg-') and amended with PyraxB -fermenter biomass mixtures were incubated at 27-28°C in darkness for 10 days. Soils were mixed and 900-g portions were placed in 11.5 cm diameter plastic pots to obtain five replicates per treatment. Each pot was planted with 10 snapbean seeds (cv. Bush Blue Lake 274) treated with the fungicide N-(2,6-dimethylpheny1)-N-(methoxyacety1)alanine methyl ether (metalaxyl, Ridomil2E, CIBAGeigy Corp., Greensboro, NC 27507) used at 0.4 g a.i. . (kg seed)-', to prevent damping-off caused by Pythium spp. Metalaxyl does not affect S. rolfsii and G. virens (G. C. Papavizas, unpublished results). Pots were incubated in a growth chamber at 28'C under 12 h artificial light. Damping-off was determined by counting the total stand after 12 days, and blight was determined by counting the total healthy stand after 36 days.
Statistical analyses
All tests, performed twice with four or five replications, were done in a randomized complete block design and contained appropriate controls. The data were analyzed for significant differences with Duncan's multiple-range test using the Statistical Analysis System computer program (SAS Institute, Inc.).
Results
Induction of new biotypes
After the second exposure of conidia to EMS and to the second irradiation (Scheme 1) two G1-3 mutants and three G1-21 
GI-3 GI-3-R1 GI-21 GI-21-R1
*Glucose and pentoses were autoclaved separately and added to Czapek-Dox bmth (minus the carbon source) at 20 g.L-'.
1.0 cm diameter on PDA-benomyl (5 pg a.i. . mL-') after 7 days of incubation. The colonies, grown on PDA, were designated G1-3-R1 and G1-3-R2, and G1-2 1 -R1, G1-2 1 -R2, and G1-21-R3, respectively. The wild-type isolates and the mutants were transferred to PDA to allow for growth and sporulation.
Effect of benomyl on growth and conidial germination
In the PDA-benomyl test, growth of wild-type strains G1-3 and G1-21 was completely inhibited at 5 and 10 pg benomyl. d-' (Fig. 1) (only the 10 p g . m~-' concentration is shown in Fig 1) . Growth of the two mutants of G1-3 and of the three mutants of G1-21 was inhibited less than 10% at both 5 and 10 pg benomyl . d-' . Although not shown in Fig. 1, mutants grew on PDA without benomyl as well as the wild-type strains.
Benomyl at 5 or 10 pg d-' completely prevented conidial germination of G1-3 and G1-21 (Fig. 1) . In contrast, all conidia of the mutants germinated at both benomyl concentrations. However, the germ tubes from mutant conidia were reduced in length at 24 h (86 vs. 140 pm) compared with the germ tubes that developed on PDA without benomyl. mutants were selected from lo8 survivors of the mutagenesis Utilization of carbon sources procedure. Selection was based on differences in colony Of the four pentoses tested, only D-xylose was utilized as well morphology and on their ability to develop colonies of at least as or better than glucose for growth by the two wild-type strains and by G1-3-R1 and G1-21-R1, the two benomyl-resistant mutants (Table 1) . Two pentoses, D-arabinose and D-ribose, were utilized slightly, while L-rhamnose was not. Mutants G1-3-R1 and G1-21-R1 grew better in the medium containing D-xylose than in the medium containing glucose.
In another experiment, the three kinds of cellulose, Dl cellobiose, D-galactose, and D-xylan were compared with D-glucose and sucrose as C sources for growth of two wild-type ' strains and four mutants. The two wild-type strains and the four mutants did not utilize any cellulose source for growth ( Fig. 2) (cellulose forms and sucrose not included in the figure) . Mutants G1-3-R1 and G1-3-R2 utilized D-galactose, cellobiose, and especially xylan better than D-glucose and sucrose (Fig. 2) . For instance, G1-3-R1 attained about 40 and 32 mg dry weight with glucose and sucrose, respectively, and almost 400 mg with xylan. The differences in dry weight between glucose and xylan for the G1-21 mutants were not as pronounced as for the G1-3 mutants. All mutant strains grew to a greater dry weight on xylan or cellobiose than on D-glucose or D-galactose.
,
Enzyme activities
When cellulose was used as an enzyme inducer in Stemberg's cellulase induction medium (D. Sternberg. 1976. Biotechnol. , Bioeng. Symp. 6. pp. 35-53), there was more P-1,4-glucosidase activity in the culture filtrate of G1-3 than in those of G1-3-R1
I and G1-3-R2 (Table 2 ). In contrast, G1-21 had less activity than the mutants G1-21-R1 and G1-21-R2. The same relationships were observed with CMCase and FP cellulase when carboxy-I methylcellulose and filter-paper strips were used as inducers, respectively. The wild-type strain G1-3 produced more CMCase than its two mutants and G1-21 produced less CMCase than two of its mutants. The wild-type strains, G1-3 and G1-21, and two benomylresistant mutants, G1-3-R1 and G1-2 1 -R2, produced xylanase and p-1,4-xylosidase (Table 3) . As with the cellulase activity profile, the benomyl-resistant mutants had different xylanase and p-1,4-xylosidase activities. The mutant G1-21-R2 produced approximately 35% of the xylanase of the wild-type G1-21 parent and the mutant G1-3-R1 produced approximately 23% of the P-1,4-xylosidase activity of the wild-type G1-3 parent. In contrast, G1-2 1 -R2 produced more P-1 ,4-xylosidase than the wild-type parent.
Disease suppression
The wild-type strains G1-3 and G1-21 and the mutants G1-3-R1, G1-21-R1, and G1-21-R3 suppressed damping-off of snapbean caused by S. rolfsii (Table 4) . The other two mutants tested did not suppress damping-off 12 days after planting. Thirty-six days after planting G1-3 controlled disease. The benomyl-resistant mutants and G1-21 were less effective.
Discussion
Although it has been relatively easy to induce mutants tolerant to MBC fungicides such as benomyl in the genus Trichoderma, it has been very difficult to do so in the closely related genus Gliocladium. With the exception of the work of Howell (1982) , who induced mutants of G . virens that produce more gliovirin than wild-type strains, there is no information in the literature on induction of G . virens mutants and none on induction of tolerance to benomyl. We present evidence in this paper that it is feasible to induce benomyl-tolerant mutants of G . virens by long and repeated exposure to UV irradiation Control (S. rolfsii) 46c 6e
*Dry, ground fermenter biomass was mixed with Pyrax" (Pyrax" -fermenter biomass, 9 g : 1 g) and added to soil together with the sclerotia to provide 6 X lo3 colony-forming units.(g soil)-'. tSclerotia of S. rolfsii were added to soil at the same time with the G. virens seains at 3.5 mg.kg (fresh weight soil)-' (dry weight equivalent).
$Values in each column followed by the same letter are not significantly different according to Duncan's multiple-range test (P = 0.05). combined with exposure to a chemical mutagen (EMS). Using this approach (Scheme I), two mutants of G1-3 and three of G1-21 tolerant to benomyl were obtained (Fig. 1) . A similar approach combining UV irradiation and exposure to N-methyl-N-nitro-N-nitrosoguanidine was used by Montenecourt and Eveleigh (B. S. Montenecourt and D. E. Eveleigh. 1979. TAPPI Annu. Meet. Proc. pp. 101-108) to produce the RUT-C30 mutant from T . reesei strain QM6a.
The mutants described here may have been selected from spontaneous variants of the original population or from conidia mutagenized by EMS and UV radiation. The fact, however, that the mutants are tolerant to benomyl and that they differ from the wild-type strains in their ability to utilize C sources and produce enzymes, and in disease suppression ( Table 4 ), suggests that they are chromosomal mutations. Evidently, the combined effect of EMS and UV radiation resulted in pleiotropic mutants differing in these various phenotypic characteristics. However, it is disappointing that their ability to tolerate benomyl coincided with a loss in ability to control disease caused by S. rolfsii. Research to improve strains of biocontrol agents for plant disease control by genetic alterations may not always yield desirable biocontrol products. It is of course possible that these benomyl-tolerant mutants may be effective against other plant pathogens, but this possibility was not explored. We cannot explain why G1-21 was ineffective in suppressing S. rolfsii. In previous tests (Papavizas and Lewis 1989 ) G1-21 was effective.
The C-utilization experiments provided some insight into the nutritional requirements of G . virens in vitro. All strains of G . virens tested, including the benomyl-tolerant mutants, utilized cellobiose and xylan better than other C sources, including glucose and sucrose. Several simple sugars including rhamnose, arabinose, and ribose were poor sources of C. Cellulose, in any form, did not support growth. These experiments suggest that xylan may be more important than simple sugars or cellulose as a source of C for the growth of G. virens G1-3 and G1-21 in soil. Xylans are major polymeric constituents of plant cell walls (McNeil et al. 1984) and, therefore, may be found in soil. These polymers are compounds of lignocellulose and hemicellulose (Wong et al. 1988) , compounds that are degraded with difficulty by microorganisms. Utilization of these polymers by G. virens may enhance its competitive saprophytic ability and survival in soil.
Gliocladium virens produced glucanases that degraded both soluble (CMCase) and crystalline (FP cellulase) cellulose. However, the biocontrol agent was unable to grow on cellulose as a sole C source. Since G . virens was able to grow on cellobiose, it appears that this organism does not possess all of the enzymes needed to convert cellulose to cellobiose (Ljungdahl and Erikksson 1985) . It is possible that the glucanases produced by G . virens function in unveiling xylans enmeshed within lignocellulose and other cell wall material and in allowing the organism to use xylans for its growth. Ahmad and Baker (1987b) showed that two benomyl mutants of T . harzianum, T-95 and T-12B, produced more cellulase than the wild-type strains. Also, our mutants G1-21-R1 and G1-21-R2 produced more cellulase than the wild-type strain G1-21 of G . virens (Table 2 ). In contrast, mutants G1-3-R1 and G1-3-R2 produced less cellulase than the wild-type strain G1-3. Preliminary tests (G. C. Papavizas, unpublished results) showed that the five benomyl-tolerant mutants of G . virens were not rhizosphere competent. Ahmad and Baker (1988) also reported the occurrence of mutants of Trichoderma spp. tolerant to benomyl but not rhizosphere competent. They were unable to obtain evidence for tolerance to benomyl as a necessary attribute of rhizosphere competence. The inability of our mutants to grow on cellulose as a sole carbon source would suggest a negative correlation between cellulase production by G . virens and rhizosphere competence. This would support the postulated mechanism by Ahmad and Baker (1987a, 1987b ) that cellulaseproducing mutants utilize the mucigel as a substrate in rhizosphere competence if we assume that G . virens does not possess a system that can support growth on cellulose as a sole carbon source and, therefore, does not have the resources to utilize the mucigel, even when cellulase production in the mutants is increased.
